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ABSTRACT

The wet scrubber can be used for reducing particles
and recover waste heat from flue gas, but its particle
removal performance is relatively poor. To improve its
performance, an effective algorithm combining genetic
aggregation response surface method with multi-
objective genetic algorithm was adopted to study the
effects of geometrical parameters. Based on particle
scavenging model, a gas-liquid-solid three phase
numerical method was adopted to simulate the process
of wet scrubbing. The particle removal efficiency, heat
transfer efficiency and pressure drop were considered as
objective functions. After response surface analysis, the
local sensitivity and a set of Pareto-optimal points were
obtained. The results show that the response surface
results have a good agreement with simulation data and
the particle removal efficiency and temperature drop of
optimized structure can be increased by 4.66% and
17.42%, respectively, which provides guidelines for
engineering applications.
Keywords: gas-liquid-solid multiphase flow; scrubber;
nAlMmerical simulation; optimization

NONMENCLATURE
Abbreviations
MOGA Multi-Objective Genetic Algorithm
Symbols
C. the Cunningham slip correction factor
Cq the drag coefficient
d diameter, um
D the scrubber diameter, m
Daife the diffusion coefficient of particle
E the collection efficiency

E the impact energy of droplets
turbulence pulsation kinetic-energy,

k m2-s2

ks the Boltzmann constant, j-K*

Kr interception parameter

P pressure, Pa

Pe Peclet number

Re Reynolds number

Stk Stokes number

T temperature, K

Ui velocity in x, y, z direction, m-s*

v velocity magnitude, m-s*

. Turbulent pulsating kinetic energy
dissipation rate, kg:m™*-s?!

1 dynamic viscosity, Pa-s

n the particle removal efficiency

0 the spray angle, °

p fluid density, kg:m™

o} surface tension, N-m*

Subscript
g dp gas, droplets, particles

1. INTRODUCTION

Wet scrubbing method can remove particles from
gas, meanwhile, a scrubber can also be used as a direct
contact heat exchanger to recover waste heat.
Therefore, there may be a synergistic effect between
pollutant control and waste heat recovery which are
both hot issues in the chemical industry. This paper
mainly focuses on this synergistic effect, especially on
fine particle reduction.

A lot of studies on the performance of the wet
scrubber have been conducted. For the particles with the
aerodynamic diameters larger than 50um, the removal
efficiency could reach almost 100% in a wet scrubber [1].
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While the particle removal efficiencies were 28.7% for
PM1 and of 39.6% for PM2.5 in a 1000-MW power plant
[2]. But most of them are concentrated on the effects of
operating parameters. Mohan et al carried out the
experiment on the performance of a spray tower for
removal of fine particulate matter under different
operating conditions and develop a correlation to
quantify the performance of the tower [3]. Wu et al
investigated the effects of dust particle diameters, inlet
concentrations of dust particles, and the flow rates of gas
and liquid of a spray scrubber on particle removal
efficiency using the experimental and modelling
approaches [4]. Pan et al conducted experiments to
study the relationship between entrainment of slurry
droplets and emitted fine particles and the effects of
operating parameters on droplet and fine particle
emissions [5]. To enhance the performance of spray
scrubbers, Lotfi et al. used woodchips as a packing
material in a lab scale wet scrubber and studied the
effects of oil/gas ratio, oil temperature and woodchips
size on the tar model compounds removal from producer
gas [6]. Jafari et al developed an open scrubbing tower
through optimization of the parameters including nozzle
type, number of stages of spray nozzle, operating
pressure and inlet NH3; concentration [7]. Chen et al.
investigated the types of scrubbing tower, i.e. open
scrubbing tower, scrubbing tower with porous tray and
scrubbing tower with a flow pattern control device on a
pilot-scale experimental setup [8]. Comparing to that of
open scrubbing tower, the removal efficiency was
improved by 13% for the scrubbing tower with a flow
pattern control device.

The particle removal performance of wet scrubber
depends on the capture capacity of droplets, which is
mainly governed by the inertial collision, interception
and diffusion mechanisms. Cheng et al. also estimated
collection efficiency of a spray scrubber by a correlation.
And they made assumptions such as a constant flue gas
velocity and impaction efficiency of a single droplet with
particles, a single scrubbing liquid droplet size, no wall-
film and ignoring the effects of turbulence to simply the
calculation [9]. But these assumptions can adversely
affect the accuracy of predictions. Mohebbi et al.
established a two-dimensional mathematical model to
predict the particle removal efficiency in an orifice
scrubber using inertial collision theory [10]. The effect of
operating parameters such as gas velocity, liquid to gas
flow rate ratio and particle diameter were obtained.
Majid et al. also simulated the characteristic of
multiphase flow in a venturi scrubber based on inertial

collision theory. Throat gas velocity, gas volume fraction,
droplet size and removal efficiency were investigated
[11]. Lim et al. explored the effects of several parameters
on overall collection efficiency numerically based on
impaction, interception and diffusion mechanisms in a
reverse jet scrubber , such as liquid droplet diameter,
relative velocity of liquid droplet and gas stream, packing
density, and particle diameter, and so on [12].

The present study aimed to optimize a laboratory
scale spray scrubber using response surface analysis and
Multi-Objective Genetic Algorithm (MOGA). Numerical
simulation for a laboratory scale spray scrubber was
conducted in this work using the Euler approach to
predict the gas flow and particle concentration, the
Lagrange approach for droplets movement and the user
defined function codes to simulate the droplet-particle
interactions. The particle removal efficiency was
validated by comparison with published data.

2. GEOMETRIC STRUCTURE AND MATHEMATICAL
METHOD

2.1 Geometric model and boundary condition

The schematic diagram of a typical spray scrubber is
shown in Fig. 1. The temperature of air and droplet at
inlets are 300.15K and 293.15K, respectively. The relative
humidity of air atiinlet is 78%. The spray flux of water and
air velocity are 2kg/s, 0.5m/s, respectively. And the
diameters of initial droplet and particle are 0.4mm,
10um, respectively. These operating conditions are
obtained through optimization calculation. As shown in
Fig. 1, three geometrical parameters are investigated,
such as the height of the sprayer (h), the diameter of
scrubber (D) and the cone angle (8).

solid cone spray

h

cone angle 6
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A gas and particle flow

Fig.1 The schematic diagram of a typical open
scrubbing tower
The finite volume method was adopted to resolve
the conservation equations. The Green-Gauss Node-
Based method was applied to calculate the gradients.
The quick scheme was used to discretize the momentum
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equation, energy equation and turbulence equations.
The movement equations for droplets were calculated by
the Runge-Kutta method.

2.2 liquid droplets movement and evaporation

The motions of liquid droplets are simulated in the
Lagrange approach. As it is impossible to compute the
trajectory of every individual particle, the parcels are
used in the numerical simulation. Each parcel represents
a number of liquid droplets with equal locations, velocity,
diameter and temperature. The equations to calculate
the movement of the droplets can be written as:

d\Z:(pd_pg)g+Vg_vd (1)
dt L T
dz 24
7, = PqaY9q 2)
18u4, C, Re
where C; isthe droplet drag coefficient.
Cd = Cd,sphere (1+ 2632y) (3)

0.424 Re >1000

r

C =
d,sphere ﬁ a+ l Re2/3) Re <1000 (4)
Re 6

d’y _&&vrelz _Co . Cuy ﬂ
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Where C;, Cy, C, Ciare 1/3,1/2, 8, 5, respectively.
In this work, the rate of vaporization can be assumed
to be governed by gradient diffusion:
Am, = N,A,M At (6)
N; =k.(C;s—C;.) (7)

where N, is the molar flux of vapor, K. is the mass
transfer coefficient, C;; is the vapor concentration at
the droplet surface, CipC is the vapor concentration in
the bulk gas.

The mass transfer coefficient K. is calculated from
the Sherwood number correlation:

Shys = kg =2.0+0.6Re"?Sc"® (8)
Di,m
The droplet temperature is updated as:
dT, dm
=h —T,)——2L
dep dt Ad(Toc d) dt (9)

where h is the convective heat transfer coefficient, L is
the latent heat.

The convective heat transfer coefficient h s
calculated with a modified Nu number as follows:

Nu="9 _ 504 0.6Re"? pr (10)

where k is the thermal conductivity of the continuous
phase, Pris the Prandtl number of the continuous phase.

2.3 Particle scavenging model

Collection efficiency E is the ability of a droplet to
collide with the dust particles and scavenge particles
within the droplet volume. The mechanisms of particle
scavenging mainly involve impaction, interception,
diffusion. The particle collection efficiency by a single
droplet due to impaction can be calculated by the
following equation:

E. :( Stk j (11)
Stk +1
Stk = M (12)
18u,d,
r = 0.759Stk 2% (13)

The collection efficiency of interception is defined as
(Hao et al. 1989) :

2 3 1
B, =+ Kg) — S @+ KR)+2(TKR) (14)

where KR is the dimensionless parameter describing the
interception effect, Kz= d_p )
d
The diffusive collection efficiency is given by (Hao et
al. 1989) :

E,=8/Pe+2.23Re}® Pe ™" (15)
where Pe is the Peclet number defined as:
d,v
Pe — d “rel 16
Ddiff ( )

where Dy the diffusion coefficient of particle is defined

as:
_ KeTC
3rud,

Ddiff

(17)

Thus, the overall collection efficiency can be written
as (Davenport et al. 1978) :

Ezl—(l— EI)(]‘_ ER)(l_ ED) (18)
2.4 Model validation

In order to validate the accuracy of numerical model
and solution method, a numerical model was set up
according to Tomb’s experiment device and simulation
results were compared with the experimental data from
Tomb (Tomb et al. 1972). As shown in Figs.2, the results
illustrate that the particle removal efficiency obtained
from numerical simulation are in good agreement with
the experimental results. Hence, it can be concluded that
the numerical method is reliable. The differences may be
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caused by simplification of physical model and boundary
conditions in simulation, and unavoidable measurement
error in experiment.

100

= experiment A (Tomb et al. 1972)
simulation

604

Removal effciency /%
=

Particle diameter /um

Fig.2 Comparison of the particle removal efficiency
between numerical results and experimental data

2.5 Optimization method

In this paper, three geometrical parameters were set
as _input parameters and particle removal efficiency,
pressure drop and temperature drop were set as output
parameters. A set of design points was generated by the
central composite design which was characterized by its
high efficiency and good predictability. Then the Genetic
Aggregation response surface was applied in order to
investigate the relationship of the input parameters and
output parameters. The Genetic Aggregation response
surface automates the process of selecting, configuring,
and generating the type of response surface best suited
tom each output parameter. According to above
description, the ranges of input parameters of this study
are/shown in table 1 and the objective functions are as
follows:

C inle -C outle
Maximum: 7 =—" 'ct: — (19)
p,inlet
Maximum: AT =Tin|et _Toutlet (20)
Minimum: AP = I:znlet - Poutlet (21)

where 77 is the overall particle removal efficiency, C is
the particle concentration, AP is the pressure drop.
Table 1 The range of input parameters

Input parameters Value range
Height of sprayer h 1-3m
Diameter of scrubber D 0.5-2m
Cone angle 6 60-160°

3. RESULTS AND DISCUSSION
3:1 Goodness of fit

The goodness of fit for output parameters can be
displayed in Fig.3. The coefficient of determination R? is
an important criterion to evaluate the accuracy of

response surface model, which can be mathematically
represented as:

i(yi 79i)2
R¥=1- 98—« (22)
;(yi _V)

Where Yiis the value of output variables at the i-th design
point, yis the arithmetic mean of the values of¥;, and v,
is the value of response surface at the i-th design point.

The values of R? for n, AP and AT are 97.62%, 99.57%
and 99.25%, respectively. The best value of the
coefficient of determination R? is 100%. Hence, the
response surface model can be accurately obtained by
design points. The results show that the values predicted
from response surface agree well with the values
calculated at design points.
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Fig.3 The goodness of fit for output parameters

3.2 Effects of the sprayer height

The effects of the sprayer height on particle removal
efficiency, pressure drop, temperature drop are shown
in Fig.4. When the height increases from 1 m to 3 m, the
particle removal efficiency increases by 3.31%, the
pressure drop increases by 56.21% and the temperature
drop increases by 62.47% where the diameter of
scrubber, spray angle are 1m, 100°, respectively. When
the height reaches 2.5m, the particle removal efficiency
and temperature drop almost stabilizes, but the pressure
drop still increases rapidly. For one thing the resident
time of particles increases with the increase of the height
of sprayer. For another thing the relative velocity
between particle and droplets decrease as droplets drop
down which makes the collection efficiency of droplets
smaller. And the phenomenon of gas flow deflection gets
serious with the increase of the height of sprayer which
causes particles escape.
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Fig.4 Effects of the sprayer height on output
parameters

3.3 Effects of the scrubber diameter

The effects of scrubber diameter are shown in Fig.5
where the sprayer height and spray angle are 2m, 100°,
respectively. When the scrubber diameter varies from
0:51to 3.0m, the particle removal efficiency decreases by
42.5%, the pressure drop decreases by 89.78% and the
temperature drop decreases by 72.32%, respectively.
This reveals that the scrubber diameter has a greater
influence than the sprayer height. Larger scrubber
diameter means smaller droplet velocity near walls and
the collection efficiency of these droplets and air flow
resistance near walls reduces quickly.
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Fig.5 Effects of the scrubber diameter on output
parameters
With the increase of scrubber diameter, the air flow rate
increases and air trends to flow through the areas near
walls. Thus, this part of fluid could not contact with
droplets adequately and the temperature drop
decreases drastically.

3.4 Effects of the spray angle

The effects of scrubber diameter are shown in Fig.6
where the sprayer height and spray angle are 2m, 100°,
respectively. When the scrubber diameter varies from
0.5'to 3.0m, the particle removal efficiency decreases by
42.5%, the pressure drop decreases by 89.78% and the
temperature drop decreases by 72.32%, respectively.

This reveals that the scrubber diameter has a greater
influence than the sprayer height. Larger scrubber
diameter means smaller droplet velocity near walls and
the collection efficiency of these droplets and air flow
resistance near walls reduces quickly. With the increase
of scrubber diameter, the air flow rate increases and air
trends to flow through the areas near walls. Thus, this
part of fluid could not contact with droplets adequately
and the temperature drop decreases drastically.
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Fig.6 Effects of the spray angle on output parameters

3.5 Interaction effects of input parameters

In order to investigate the influencing degree of
different parameters on the performance of scrubber,
the local sensitivity analysis is shown in Fig. 7 (where the
sprayer height, scrubber diameter and spray angle are
2m, 1m, 100°, respectively).
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Fig.7 The local sensitivity of design parameters
From the figure, we seem to conclude that the scrubber
diameter is the most important parameter for pressure
drop, temperature drop and particle removal efficiency.
For pressure drop, the local sensitivity of sprayer height
and spray angle are +9.33% and -8.81%, which
demonstrates that the sprayer height has the greater
effects on the pressure drop but the spray angle has
negative correlation and sprayer height has positive. For
temperature drop, the effects of sprayer height are
similar to that of spray angle. For particle removal
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efficiency, the spray angle has greater effects than
sprayer height.

3.6 Optimization results

In table 2, the comparison between the original
design and optimized structures was performed to
demonstrate the effectiveness of optimization
configuration. Compared with the original design, the
particle removal efficiency and temperature drop of
optimized structure 2 increase by 3.33% and 15.85%,
respectively. Compared with the original design, the
particle removal efficiency and temperature drop of
optimized structure 3 increase by 4.66% and 17.42%,
respectively. The MOGA can trade off multiple objectives
and find the optimal points, which can provide some
guidance for the optimization of operating conditions.

Table2 The original design and three optimized
structures based on objective functions

items original  optimized optimized optimized
design structure 1 structure 2 structure 3

h/m 2.00 2.00 2.00 3.00

D/m 1.00 0.66 0.66 0.77

0 /° 100.00 159.88 149.72 105.02

/% 94.84 97.31 98.00 99.26

APfPa  25.52 31.65 35.18 41.75

AT/K 5.74 6.66 6.65 6.74

4. CONCLUSIONS

In this study, the Euler-Euler-Lagrange numerical
method was developed to predict the performance of
wet scrubber. Then the optimization on geometrical
parameters of wet scrubber has been performed using
genetic aggregation response surfaces and multi-
objective genetic algorithms. The conclusions can be
summarized as follows:
1. With the increase of sprayer height, the particle
removal efficiency pressure drop, and temperature drop
ris€ up. But when the height is larger than 2.5m, the
performance of wet scrubber almost stabilizes.
2.:When the scrubber diameter increases, the particle
removal efficiency pressure drop, and temperature drop
reduce rapidly. The scrubber diameter has greatest
effects on the performance of wet scrubber.
3./The particle removal efficiency firstly increases and
then decreases when the spray angle increases gradually
due to the effects of wall film.
45 The comparison between the original design and
optimized structures reveals that the particle removal
efficiency and temperature drop increase by 4.66% and
17.42%, respectively.
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